Up to a third of human melanomas harbor an activating mutation, typically at Q61, in the gene *NRAS* ([@R11]), which traps Ras proteins in the active GTP-bound state, resulting in constitutive activation of the effectors Rafs, PI3Ks and RalGEFs to promote many tumorigenic phenotypes ([@R7]). In melanomas lacking an *NRAS* mutation, the first two pathways can be activated through a combination of a V600E activating mutation in the gene *BRAF* coupled with a loss of or decreased expression of the PI3K negative regulator *PTEN* ([@R11]). These results suggest a general requirement to activate Ras effector pathways in melanoma, either through an activating mutation in *NRAS* itself, or by individually activating the Ras effector pathways through mutations to *BRAF* and *PTEN*. Following this logic, we explored whether the third major effector of Ras signaling in cancer, the RalGEF pathway ([@R1]; [@R9]), was similarly activated in melanoma, and whether this activation occurred in the absence of an oncogenic *NRAS* mutation.

Activated Ras binds directly to Ral guanine exchange factors (RalGEFs), recruiting these proteins principally to the plasma membrane where they convert the small GTPases RalA and RalB to the active GTP-bound state ([@R1]; [@R9]). Activated versions of RalGEFs are transforming in human ([@R12]), and to a lesser extent rodent cells ([@R5]; [@R13]; [@R17]; [@R24]; [@R25]), and have been shown to promote the metastatic growth of prostate DU145 cancer cells ([@R28]). Consistent with these observations, *RalGDS*^−/−^ mice exhibit more than a twofold reduction in the number of skin papillomas induced by chemical carcinogens, which were also significantly smaller and less aggressive, compared to wild type mice ([@R10]). Both RalA and RalB have also been implicated in oncogenic Ras-driven cancers. shRNA-mediated knockdown of RalA uniformly reduced the anchorage independent and tumorigenic growth in oncogenic *KRAS* mutation-positive pancreatic cancer cell lines ([@R16]), although this can be context-dependent, as a similar knockdown of RalA enhanced the tumorigenic properties of the immortalized human keratinocyte cell line HaCaT when engineered to over-express oncogenic HRas ([@R23]). Conversely, activated versions of RalA weakly transform human ([@R14]), canine ([@R27]) and in the presence of other Ras effectors, rodent cells ([@R24]). In the case of RalB, shRNA targeting this gene transcript can decrease survival of transformed cells, particularly when in suspension ([@R3]; [@R4]), cell migration ([@R6]; [@R19]; [@R20]), cell invasion ([@R16]) and, consistent with these *in vitro* phenotypes, metastasis of *KRAS* mutation-positive pancreatic cancer cell lines ([@R16]). Both RalA and RalB are activated in a number of oncogenic KRas- and HRas-driven human cancer cell lines and tumor specimens ([@R14]; [@R16]; [@R22]). Rals have also been shown to be both activated and promote tumorigenesis in tumors lacking Ras mutations ([@R2]). Given that the two other major Ras effector pathways, Rafs and PI3K, are commonly activated in melanoma, regardless of the mutational status of *NRAS*([@R11]), that the RalGEF-Ral pathway typically promotes oncogenic Ras-driven transformation and tumorigenesis ([@R1]), and that Rals can be activated in tumors lacking an oncogenic Ras mutation ([@R2]), we assayed whether Rals were activated and required for tumor growth of human melanoma cancer cell lines with or without an oncogenic *NRAS* allele.

To explore the role of Rals in melanoma we first assessed the activation status of RalA and RalB in a panel of independently derived human melanoma cancer cell lines having wild type *BRAF* and *NRAS* (DM175, DM646 and DM833), wild type *BRAF* and oncogenic *NRAS*^*Q61L*^ or *NRAS*^*Q61R*^, hereafter referred jointly as *NRAS*^*Q61L/R*^ for ease of description (DM366, DM414, DM598 and DM792), or oncogenic *BRAF*^*V600E*^ and wild type *NRAS* (DM006, DM440, DM443, DM738 and SKMel28) alleles, as assessed by PCR (not shown), compared to control normal human primary melanocytes (HeMaLP). Recombinant GST-RBD encoding the Ral binding domain of the Ral effector protein RalBP1 was used to capture endogenous GTP-bound active RalA and RalB from cellular lysates, which were detected by immunoblot with α-RalA and α-RalB antibodies ([@R26]). Total levels of RalA, but not RalB, were elevated relative to control melanocytes in all the melanoma cell lines, regardless of the mutation status of *NRAS* and *BRAF*. While RalB-GTP levels were generally difficult to detect, with only one cell line exhibiting detectable RalB-GTP, either the amount of RalA-GTP (normalized to actin) or the ratio of RalA-GTP to total RalA (normalized to control cells) was higher in one of three *NRAS/BRAF*, three of four *NRAS^Q61L/R^/BRAF* and two of five *NRAS/BRAF*^*V600E*^ human melanoma cell lines compared to the control melanocytes ([Figure 1](#F1){ref-type="fig"}). Thus, there was elevated GTP-bound RalA, which was a product of either or both more RalA protein and/or elevated activation in melanoma cell lines compared to the normal melanocyte cells.

We next assessed the requirement of RalA and RalB in oncogenic NRas-driven melanomagenesis. To begin, the human melanoma cell line DM366, characterized by mutant *NRAS*^*Q61L/R*^ and wild type *BRAF* alleles, was stably infected with a retrovirus encoding RalA shRNA, RalB shRNA, or as a control a scramble sequence ([@R14]). Retroviral introduction of these shRNAs was used to generate polyclonal cell lines to limit the effects of clonal variability. Appropriate reduction of the desired endogenous RalA or RalB protein was confirmed in the resultant cell lines by immunoblot ([Figure 2A](#F2){ref-type="fig"}). We note that while immunoblot exposures were dictated by the cell line with the highest RalA or RalB levels when comparing different melanoma cell lines ([Figure 1A](#F1){ref-type="fig"}), in experiments in which RalA or RalB were knocked down, exposure times were often extended to optimize detection of endogenous RalA or RalB in the control scramble control lines in order to visualize knock down of the Ral proteins ([Figure 2A](#F2){ref-type="fig"}). Lastly, neither RalA shRNA nor RalB shRNA altered the level of NRas or BRaf, as assessed by immunoblot (not shown). The three derived DM366 cell lines were injected into the flank of immunocompromised mice, and tumor growth was monitored over time. The scramble control cell line readily formed tumors, reaching maximum tumor size in less than one month. Knockdown of RalA or RalB similarly reduced tumor growth, as evidenced by a 75% and 55% reduction in the average tumor volume, respectively, by the termination of the experiment compared to scramble control cells ([Figure 2B](#F2){ref-type="fig"}).

To validate that the reduced tumor growth was not an off-target effect of RalA shRNA, DM366 cells were also stably infected with retrovirus encoding a second shRNA targeting RalA ([@R16]), which was validated by immunoblot to reduce the level of endogenous RalA, although admittedly not as well as the first RalA shRNA ([Figure 2A](#F2){ref-type="fig"}). Tumors arising from these cells displayed reduced tumor growth, as evidenced by a 65% decrease in tumor size compared to scramble control tumors at the termination of the experiment, although consistent with the higher residual RalA expression in these cells, the reduction in tumor size was not as dramatic as that observed with the first RalA shRNA ([Figure 2B](#F2){ref-type="fig"}). Thus, two independent RalA shRNAs cause a reduction in tumor size relative to the degree of RalA knockdown, indicating that the effect of knocking RalA down is not an off-target effect. Because we were unable to generate a second RalB shRNA that robustly reduced RalB expression (not shown), off-target effects of RalB shRNA were investigated by re-infecting the DM366 RalB knockdown cells with a retrovirus we generated to encode an shRNA-resistant version of RalB, termed RalB^R^, which was confirmed by immunoblot to restore RalB expression ([Figure 2A](#F2){ref-type="fig"}). When the resultant cells were injected into immunocompromised mice, the derived tumors grew with identical kinetics to scramble control cells ([Figure 2B](#F2){ref-type="fig"}), indicating that restoring RalB expression completely rescued the reduction in tumor growth induced by RalB shRNA. The ability of RalB shRNA to retard tumor growth is thus not an off-target effect. We conclude that reduction in RalA or RalB expression inhibits tumorigenesis of DM366 cells.

To ascertain if the reduction in tumor growth was unique to this cell line, or could be observed in other *NRAS*-mutation positive melanoma cell lines, the aforementioned DM414, DM598, and DM792 human melanoma cell lines characterized by mutant *NRAS*^*Q61L/R*^ and wild type *BRAF* alleles were stably infected with a retrovirus encoding a scramble control sequence, RalA shRNA or RalB shRNA. DM414, DM598, and DM792 cell lines stably infected with a retrovirus encoding RalA shRNA or RalB shRNA were confirmed by immunoblot to have reduced expression of RalA or RalB, respectively, compared to the same cell lines stably infected with a retrovirus encoding a scramble control shRNA sequence ([Figures 2C,E,G](#F2){ref-type="fig"}). The resultant nine cell lines were then injected into the flank of immunocompromised mice, and tumor growth monitored over time. Scramble control DM414, DM598 and DM792 cell lines readily formed tumors, with variable latency and growth kinetics ([Figures 2D,F,H](#F2){ref-type="fig"}). Knockdown of RalB reduced tumor growth in only DM598 cells ([Figure 2F](#F2){ref-type="fig"}), where as knock down of RalA inhibited tumor growth more uniformly, as evidenced by up to an 80% reduction in the average tumor volume by the termination of the experiment of mice injected with RalA shRNA-treated cells compared to scramble control counterparts in all three cell lines ([Figure 2D,F,H](#F2){ref-type="fig"}). We thus conclude that knockdown of RalA, but less so RalB, inhibits the tumorigenic growth of *NRAS*^*Q61L/R*^-driven human melanoma cell lines.

Given that the other two major Ras effector pathways, the Raf and PI3K pathways, are activated in melanomas lacking an *NRAS* mutation ([@R11]), and RalA-GTP levels are elevated in *NRAS* mutation-negative melanoma cell lines ([Figure 1](#F1){ref-type="fig"}), we tested whether RalA or RalB expression was required for the tumorigenic growth of melanoma cell lines lacking an *NRAS* mutation. We first focused on *BRAF*^*V600E*^ mutation-positive human melanoma cell lines, due to the prevalence of *BRAF*^*V600E*^ mutations in this cancer ([@R11]). DM443 and DM440 melanoma cell lines characterized by mutant *BRAF*^*V600E*^ and wild type *NRAS* alleles were stably infected with a retrovirus encoding RalA shRNA, RalB shRNA, or as a control a scramble sequence, and appropriate reduction of the targeted endogenous RalA or RalB protein confirmed by immunoblot ([Figure 3A,C](#F3){ref-type="fig"}) and the cells lines assayed for tumor growth when injected into immunocompromised mice. Knock down of either RalA or RalB reduced tumor growth in both cell lines ([Figure 3B,D](#F3){ref-type="fig"}), which was the most obvious in the DM443 cells ([Figure 3B](#F3){ref-type="fig"}). Thus, RalA and RalB contribute to the tumorigenic growth of *BRAF*^*V600E*^-driven human melanoma cell lines.

We last tested whether Rals would be required in the absence of both oncogenic *NRAS* and *BRAF* alleles. Human melanoma cell lines DM646 and DM175 stably infected with a retrovirus encoding RalA shRNA or RalB shRNA to reduce RalA or RalB protein levels compared to the same cells infected with the control scramble expressing retrovirus, as assessed by immunoblot ([Figure 4A,C](#F4){ref-type="fig"}) were assayed for tumor growth in immunocompromised mice. Knockdown of RalA negatively impacted the tumor growth of both cell lines ([Figure 4B,D](#F4){ref-type="fig"}), whereas knockdown of RalB only reduced tumor growth in DM175 cells ([Figure 4D](#F4){ref-type="fig"}) compared to the scramble control counterparts, although the effect of reducing Rals in these cell lines appeared to be less severe than that observed in the other melanoma cell lines.

In summary, we show that RalA-GTP levels are high in human melanoma cancer cell lines, regardless of the mutation status of *NRAS* and *BRAF,* whereas RalB-GTP was difficult to detect. Why RalA is preferentially activated is unclear, although this was the isoform most commonly required for tumor growth in melanoma cell lines. It also remains to be determined how RalA-GTP levels are elevated in melanomas lacking *NRAS* oncogenic mutations, since activating mutations of Rals in tumors have yet to be reported. The change leading to RalA activation presumably lies upstream of Rals, perhaps by inappropriate activation of RalGEFs. In this regard, mutations have been detected in RalGEFs in cancers, one of which has oncogenic activity ([@R1]). Mounting evidence also suggests that RalGEFs can be activated by the PI3K pathway ([@R1]), and proteins of this pathway are commonly mutated and activated in melanoma ([@R11]).

Knockdown of RalA or RalB reduced tumor growth of all or half, respectively, of the tested human melanoma cell lines. Knockdown of RalA or RalB did not cause any significant change in the proliferative potential over the course of four days in DM366, DM414, DM443 and DM598 cell lines, as measured by the MTT assay ([Supplemental Figure 1](#SD1){ref-type="supplementary-material"}), suggesting Ral activation contributes to oncogenic signaling. While RalB shRNA did not reduce the tumorigenic growth in a panel of ten human pancreatic cancer cell lines ([@R16]), knockdown of RalB has been found to reduce viability of transformed, but not normal cell in suspension ([@R4]). Taken together, these results suggest that the requirement for RalB may vary in different settings. On the other hand, knockdown of RalA inhibited the tumor growth, at least to some degree, of all the melanoma cancer cell lines. An activated version of RalA, but not RalB, promotes anchorage-independent growth of virally transformed human cell lines ([@R14]), and particularly relevant to melanoma, Arf-deficient immortalized murine melanocytes ([@R18]). As knockdown of RalA has now been shown to reduce tumor growth of oncogenic NRas- (Figures [2](#F2){ref-type="fig"}-[4](#F4){ref-type="fig"}), KRas- and HRas-driven ([@R16]) human cell lines, RalA may be broadly required, irrespective of Ras isoform, for oncogenic Ras-mediated tumorigenesis. Nevertheless, like RalB, the requirement for RalA may still be context dependant, as it was recently reported that knockdown of RalA enhanced the tumorigenic growth of the HaCaT keratinocyte cell line transformed by ectopic oncogenic HRas ([@R23]).

The finding that RalA-GTP levels are high and that RalA shRNA reduced tumorigenic growth in both wild type *NRAS*/mutant *BRAF* and wild type *NRAS*/wild type *BRAF* cell lines suggests that, like Raf and PI3K signaling, Rals may also be required for melanomagenesis, even in the absence of an oncogenic Ras mutations. Targeting this signaling pathway may have therapeutic value for the treatment of melanoma of different genotypes. In this regard geranyl geranyl transferase inhibitors reduced the tumorigenic growth of pancreatic cancer cell lines in a manner dependent, at least in part, on Rals ([@R8]). Alternatively, RalA was recently shown to be phosphorylated by Aurora A, and moreover, this phosphorylation was required for the oncogenic activity of the protein ([@R15]; [@R21]; [@R27]), raising the possibility of targeting RalA by inhibiting a druggable kinase.
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![Activation state and expression of Rals in human melanoma cell lines. Equal levels of total protein from whole cell extracts were assayed for GTP-bound and total RalA and RalB in the indicated melanoma cell lines characterized by wild type (W) or oncogenic mutant (**M**) *NRAS* and *BRAF* alleles and in control HEMaLP normal human melanocytes (Invitrogen) by either pulldown with GST-RBD followed by immunoblot (GTP-Ral) or immunoblot (total Ral) with an α-RalA (BD Biosciences) or α-RalB (Millipore) antibody as previously described ([@R14]; [@R26]). Actin, detected with an α-actin antibody (Sigma) serves as a loading control. Ratio: RalA-GTP/total RalA of each cancer cell line relative to the control HeMaLP cells.](nihms-198458-f0001){#F1}

![Rals are required for tumor growth of *NRAS*^*Q61L/R*^-positive melanoma cells. (**a,c,e,g**) Protein expression of endogenous RalA, RalB, or as a control actin or tubulin, as assessed by immunoblot with the aforementioned α-RalA, α-RalB, α-actin and α-tubulin (Sigma) antibodies and (**b,d,f,h**) mean tumor volume (mm^3^) ± SEM versus time (days) of the indicated melanoma cell lines stably infected with retroviruses encoding RalA shRNA (■), a second RalA (2) shRNA (●), RalB shRNA in the absence (△) or presence of RalB^R^, RalB cDNA engineered with the silent mutations T~129~→C, A~132~→A, T~135~→A and C~138~→G to make it resistant to RalB shRNA(□), or a scramble (scram) sequence (◆) using constructs and approaches previously described ([@R14]). All cell lines were injected subcutaneously into the flanks of four immunocompromised mice each. \* p≤0.05 difference in tumor size at the termination of the experiment between scramble control and RalA shRNA expressing cells.](nihms-198458-f0002){#F2}

![Rals are required for tumor growth of *BRAF*^*V600E*^-positive melanoma cells. (**a,c**) Protein expression of RalA, RalB, or as a control actin or tubulin, as assessed by immunoblot with the aforementioned α-RalA, α-RalB and α-actin antibodies and (**b,d**) mean tumor volume (mm^3^) ± SEM versus time of the indicated melanoma cell lines stably infected with retrovirus derived encoding RalA shRNA (■), RalB shRNA (△) or a scramble (scram) sequence (◆) using constructs and approaches previously described ([@R14]). All cell lines were injected subcutaneously into the flanks of four immunocompromised mice each. \* p≤0.05, difference in tumor size at the termination of the experiment between scramble control and RalA shRNA or RalB shRNA expressing cells.](nihms-198458-f0003){#F3}

![Rals are required for tumor growth of *BRAF* and *NRAS* wild type melanoma cells. (**a**) Protein expression of RalA, RalB, or as a control actin or tubulin, as assessed by immunoblot with the aforementioned α-RalA, α-RalB, α-actin and α-tubulin (Sigma) antibodies and (**b**) mean tumor volume (mm^3^) ± SEM versus time of the indicated melanoma cell lines stably infected with retrovirus encoding RalA shRNA (■), RalB shRNA (△) or a scramble (scram) sequence (◆) using constructs and approaches previously described ([@R14]). All cell lines were injected subcutaneously into the flanks of four immunocompromised mice each. \* p≤0.05 difference in tumor size at the termination of the experiment between scramble control and RalA shRNA expressing cells.](nihms-198458-f0004){#F4}
